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Bacterial cellProteins of all living organismsmust reach their subcellular destination to sustain the cell structure and function.
The proteins are transported to one of the cellular compartments, inserted into themembrane, or secreted across
themembrane to the extracellularmilieu. Cells have developed variousmechanisms to transport proteins across
membranes, among them localized translation. Evidence for targeting of Messenger RNA for the sake of transla-
tion of their respective protein products at speciﬁc subcellular sites in many eukaryotic model organisms have
been accumulating in recent years. Cis-acting RNA localizing elements, termed RNA zip-codes, which are embed-
dedwithin themRNA sequence, are recognized by RNA-binding proteins, which in turn interact withmotor pro-
teins, thus coordinating the intracellular transport of themRNA transcripts. Despite the rareness of conventional
organelles, ﬁrst and foremost a nucleus, pieces of evidence formRNA localization to speciﬁc subcellular domains,
where their protein products function, have also been obtained for prokaryotes. Although the underlying mech-
anisms for transcript localization in bacteria are yet to be unraveled, it is now obvious that intracellular localiza-
tion of mRNA is a common mechanism to spatially localize proteins in both eukaryotes and prokaryotes. This
article is part of a Special Issue entitled: Protein trafﬁcking and secretion in bacteria. Guest Editors: Anastassios
Economou and Ross Dalbey.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Cells carry out a plethora of cellular processes to survive and com-
pete in their ecological niche. In spite of these numerous processes,
chaos does not seem to prevail in the cells. Rather, coherence is achieved
by temporal and spatial organization of the various cellular events. A
good example for such spatio-temporal coordination is the separation
between synthesis of RNAmolecules in the nucleus and their translation
in the cytoplasm of eukaryotic cells. Recent studies of bacterial cells,
previously regarded as non-compartmentalized, revealed complex cel-
lular organization in these tiny cells,making it clear thatmany advanced
mechanisms underlying cell architecture have evolved in these ancient
organisms.
In eukaryotes, the majority of protein transport involves the endo-
plasmic reticulum (ER) and the Golgi apparatus. Once the synthesis of
a secretory protein initiates, a hydrophobic N-terminal signal sequence,
typically consisting of 16–30 amino acids, which emerges from the ribo-
some is recognized by the signal recognition particle (SRP) and is
targeted along with the ribosome to the SRP receptors on the ER mem-
brane in a process termed co-translational translocation. The elongating
polypeptide chain then enters a channel called the Sec translocon for its
translocation through the membrane. As the growing polypeptide
moves into the ER lumen, the signal sequence is cleaved by a peptidase,trafﬁcking and secretion in bac-
ey.
972 2 675 7910.
ights reserved.so that the ﬁnal secretory protein lacks the signal sequence. The
entire translocation process is driven by ATP hydrolysis. Alternatively,
secretion may also occur post-translationally, after the synthesis of the
protein is completed. The post-translational secretion pathway is com-
mon in yeast. In the ER, the protein is properly folded and is transported
in a vesicle to the cell surface via theGolgi apparatus,where theproteins
undergo post-translational modiﬁcations. This pathway is called the
classical secretory pathway, but many eukaryotic proteins are secreted
by non-classical secretion pathways. Likewise, protein can be secreted
from prokaryotic cells via two main routes, Sec-dependent, which
shares many features with eukaryotic ER/Golgi secretion pathway, and
Sec-independent [1–6].
2. mRNA targeting as a mechanism for localizing proteins
Undoubtedly, the signal peptide plays a signiﬁcant role in protein
translocation. However, its minimal length, although not strictly de-
ﬁned, is equivalent to 50 amino acids [7–9], which corresponds to the
size of ribosome exit tunnel. This implies that the amino acid chain
should be longer than 50 amino acids for a secretory protein. This has
been shown not to be the case for many secretory proteins [10], plus
many secreted proteins do not contain a recognizable signal sequence
motif (see below). Hence, proteins encoded by small ORFs or those lack-
ing a detectable signal sequence should use some other mechanism for
their export.
Brunak and co-workers have listed many proteins that are found in
the extracellular medium, which do not contain an apparent signal se-
quence, that is, are exported by none of the classical bacterial secretion
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positive organism Bacillus subtilis [11]. Some of these proteins are also
active in the cytoplasm, thus displaying a dual role, and are therefore
called “moonlighting” proteins [12,13]. While attempting to identify a
common motif that would represent this class of proteins, the authors
came up with no simple secretion feature per se. Instead, they charac-
terized them by a combination of sequence-derived features like
arginine content, instability index [14] and amino acid composition, as
well as structural features, such as secondary structure and transmem-
brane helices topology deduced by bioinformatics tools, to obtain a
high-conﬁdence prediction method. They show that secretory proteins
in both Gram-positive and Gram-negative bacteria are generally more
disordered than cytoplasmic proteins. They used their prediction
method to verify reported information on proteins that are secreted
via non-classical pathways and also applied it to identify other such pro-
teins in Escherichia coli and B. subtilis via a global proteomic search.
A prediction method, called SecretomeP, for the identiﬁcation of mam-
malian secretory proteins, which are secreted through non-classical
secretory pathways and are thus devoid of anN-terminal signal peptide,
has also been developed [15].
Sorting of different proteins to their subcellular locations or to
distinct organelles has been shown to involve mRNA localization in
eukaryotes [1,16]. There are various potential advantages to localizing
proteins to speciﬁc sites by targeting their mRNA transcripts: i) A cell
would spend a lot of energy in translocating each protein molecule
individually, whereas by localizing a transcript, which has the ability
to undergo many rounds of protein synthesis, the energy spent by
cells is expected to be signiﬁcantly lower, ii) Targeting of mRNA tran-
scripts helps in limiting the process of protein synthesis to the subcellu-
lar region that is close to where the proteins function. This helps the
synthesized proteins to avoid non-speciﬁc interactions and protect
them from being in a locality where they might exert or experience
harmful effects, iii) Co-localization ofmRNAs encoding different protein
constituents of a complex facilitates complex formation, iv) Localization
to speciﬁc subcellular domains might be advantageous for mRNAs
whose translation needs to be delayed, and, v) Targeting may protect
mRNAs from being exposed to ribonucleases and help in maintaining
their proper level in the cell. Taken together, mRNA localization
seems beneﬁcial for regulating various cellular events and may provide
a ﬁtness beneﬁt to the cells. In addition to transporting proteins
with known transport route, RNA targeting is likely to play a role in
transporting proteins whose route of transport is not known.
In recent years, cis-acting noncoding regions, termed RNA zip-codes,
have been discovered to play a major role in the localization of RNA
transcripts in eukaryotic cells [17]. The RNA zip-codes mostly reside in
the 3′ untranslated region (3′ UTR), with some exceptions of localiza-
tion elements that are present in the 5′ UTR or within the coding region
(see below) [18–26]. Each zip-code element confers a certain localiza-
tion pattern when added to any transcript [10,27,28]; removal of the
zip-code abolishes this speciﬁc RNA localization pattern [28]. The
zip-codes recruit RNA-binding proteins that are associated with motor
proteins, which are anchored to the cytoskeleton, thus facilitating
mRNA transport. Although the role of the UTRs in mRNA localization
is well established, a common feature within them, which is shared by
the zip-code elements, has not been established yet. Both structural
[24,25,29–35] and sequence-based [36–38] features of the zip-codes
are important for their identiﬁcation.
Evidence suggesting a direct role for RNA in protein export was
obtained by Rapoport and co-workers, who have shown that nuclear
mRNA export can be mediated by a signal sequence coding region
(SSCR) that can recruit factors for exporting secretory proteins-encoding
mRNAs from the nucleus to the ER, independent of the canonical
splicing-dependent pathway for nuclear export. The SSCR is hydrophobic
in nature, a characteristic of signal sequences of secretory proteins that
are usually located at the N-terminus of secreted proteins. The low con-
tent of adenine is another characteristic of the SSCR in all eukaryotes,although not in bacteria. The SSCR-mediated export pathway can act
independently of the canonical pathway, but it can also be coupled to it
for transporting mRNAs more efﬁciently [26].
Subsets of mRNAs, which share similar subcellular distribution or
function, associate with certain RNA-binding proteins (RBP) that help
them localize [39,40]. Accordingly, there are RBPs that associate specif-
ically with mRNA encoding membrane or secretory proteins [40–42]. A
well-studied example is the asymmetric localization of over twenty
mRNAs to the yeast bud tip, the majority of which code for membrane
and secretory proteins, which is mediated by the coordinated activity
of Myo4p, She2p, and She3p [43–45]. This process involves recognition
of the localized mRNA by the RNA-binding protein She2p and recruit-
ment of Type V myosin, Myo4p, via the adaptor protein She3p [46,47].
Another example is the p180 RBP-mediated ER localization pathway,
which has been shown to be required for efﬁcient association of certain
mRNAswith the ER in a ribosome-independentmanner, i.e., independent
of translation [48]. A lysine-rich region within p180 was shown to play a
direct role by interacting with the mRNA transcripts that localize via this
pathway. In another study, the Rrm4 RBPwas shown tomediate localiza-
tion of the mRNA encoding the secretory protein endochitinase Cts1;
binding of Rrm4 to this mRNA is essential for efﬁcient secretion of Cts1
in Ustilago maydis [49].
3. mRNA localization in prokaryotes
The architecture of eukaryotic cells, i.e., their organization into dis-
tinct compartments and the marked separation between the nucleus
and cytoplasm, is considered to underlie the uncoupling between RNA
synthesis and translation. Conversely, the prevailing view has been
that transcription and translation are coupled in bacterial cells, as
they largely lack membrane-engulfed organelles, primarily a nucleus.
Recently, this dogma has been challenged in several studies. The devel-
opment of advanced methodologies for observing and quantifying the
dynamics of biomolecules, which enable visualization of the tiny bacte-
rial cells, has made this progress possible. Various methods employed
for visualizing mRNA have been discussed elsewhere [50,51]. The stud-
ies described below, which demonstrate the involvement of mRNA
in protein subcellular localization and secretion in a translation-
independent manner, support the emerging notion that bacteria are
more complex than previously appreciated.
Besides ﬂuorescence in situ hybridization (FISH), which has been
used to observe RNA transcripts in ﬁxed cell, a widely used approach
for studying RNA localization in live eukaryotic cells is based on the
use of the RNA-binding coat protein from MS2 bacteriophage (termed
hereafter MS2 protein) fused to GFP and anmRNA tagged with tandem
repeats of the MS2-binding site [52,53]. When expressed together, the
MS2-GFP protein binds to its repeated binding sites on the RNA tran-
script andmarks the RNA subcellular location. Golding and Cox adapted
this system for bacteria to examine themovement of arbitrary RNAmol-
ecules in live E. coli cells, and were the ﬁrst to highlight the intricacy of
RNA distribution in bacterial cells [54]. Cluzel and coworkers used the
MS2 system for single cell RNA proﬁling in bacterial cells. They showed
that the diffusion time of theMS2-GFP fusion protein bound tomRNA is
30 times longer than unboundMS2-GFP, which facilitates the detection
and visualization of bound MS2-GFP [55,56]. Subsequent studies,
described below, used FISH and the MS2 system, as well as variations
of these approaches, to visualize the distribution patterns of speciﬁc
mRNAs in bacterial cells (Fig. 1 and Table 1) [57].
3.1. Cytoplasmic localization of mRNA transcripts
The regulation of the lac operon in E. coli has been extensively stud-
ied [58,59] and, hence, transcripts of its genes have been chosen time
and again for visualization in different studies. One of the ﬁrst studies
of RNA localization monitored the localization of lacZ mRNA, which
codes for the cytoplasmic β-D-galactosidase protein, using ﬂuorescent
Fig. 1. Spatial distribution patterns of mRNA transcripts in bacteria. On the left: a bacterial
cell showing RNA polymerase molecules transcribing the chromosome. On the right:
(A–F): the different pattern of RNA localization observed thus far in bacterial cells.
(A) Cytoplasmic localization: mRNA transcripts are distributed throughout the cytoplasm
or in a helical pattern (not depicted) in the cytoplasm. (B) Membrane localization: mRNA
transcripts are distributed around the cell circumference near the membrane. (C) Polar
localization: mRNA transcripts localize near the cell poles. (D) Septal localization: mRNA
transcripts localize to the septal regions during cell division. (E) Localization near sites
of attachment to host cells: mRNA localization near the T3SS machinery allows injection
of the translated T3SS proteins into the host cell. (F) Localization near sites of transcrip-
tion: mRNA transcripts remain close to their transcription site on the chromosome,
exhibiting limited dispersion in the cytoplasm.
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sion of GFP) and the eIF4A RNA-binding protein. After analyzing the
ﬂuorescent signal by ﬂow cytometry and ﬂuorescence microscopy,
lacZ mRNA was reported to be evenly distributed throughout the
bacterial cell (Fig. 1A) [60].
Another RNA that codes for awell-knownprotein,whose subcellular
localization has been studied in E. coli cells, is catmRNA,which codes for
chloramphenicol acetyl transferase, known to be a cytoplasmic protein
[61]. The localization of cat mRNA was examined in live cells by theTable 1
mRNA localization in bacteria.
mRNA Organism Site of localization
bglB E. coli Cytoplasm
bglF E. coli Membrane
bglG E. coli Poles
cat E. coli cytoplasm
comE B. subtilis Midcell septa
creS C. crescentus Chromosomal site of transcription
divJ C. crescentus Chromosomal site of transcription
ﬂiC E. coli Flagellar T3SS site on the membrane
groESL C. crescentus Chromosomal site of transcription
lacY E. coli Membrane
lacZ E. coli cytoplasm/chromosomal site of transcription
ompA C. crescentus Chromosomal site of transcription
yopQ Y. enterocolitica T3SS site on the membraneMS2 system and in ﬁxed cells by FISH. Using both techniques, cat tran-
scripts were observed in the cytoplasm (Fig. 1A), displaying a helix-like
pattern [62]. The data obtained by the imaging techniques was further
validated by separating the E. coli cells into membrane and cytosolic
fractions and checking for the presence of catmRNA in these fractions
by reverse transcription followed by PCR or qPCR; cat transcripts were
detected in the cytosolic fraction [62].
An additional E. coli gene, whose mRNA was detected in the
cytoplasm by imaging and biochemical approaches, is bglB that codes
for the cytoplasmic protein phospho-β-glucosidase (Fig. 1A). The bglB
gene is part of the bgl operon [63], whose products are responsible for
uptake andutilization of aromaticβ-glucoside sugars [64,65]. The distri-
bution pattern observed for the bglBmRNA transcripts is similar to the
distribution of the cat transcripts, i.e., they spread out in the cytoplasm
in a helix-like pattern [62]. The localization of transcripts of other
genes of the bgl operon is discussed in the next sub-section.
We speculate that the distribution of cytoplasmic RNA in a helix-like
pattern is due to the spatial organization of the E. coli nucleoid into a
discrete, dynamic helical ellipsoid, as recently reported by Kleckner
and co-workers [66]. The localization of the three mRNAs described
above in the cytoplasm correlates with the subcellular localization of
their encoded proteins. However, the question if this is the default
distribution of non-localized mRNAs remains open. The localization of
mRNAs at foci near their site of transcription in the cytoplasm, not
necessarily correlating with localization of their protein products, is
discussed in the Concluding remarks section.
3.2. Membrane, polar, and septal localization of mRNA transcripts
Different distribution patterns than the one observed for lacZ, cat
and bglB mRNAs were observed for the mRNAs described below. First,
the transcripts of the lacY gene that codes for the membrane-bound
lactose permease that transports lactose and other galactosides into
the cell [67], were shown to localize to the E. coli cell membrane byﬂuo-
rescence microscopy and by cell fractionation followed by RT-PCR
(Fig. 1B) [62]. Hence, the lacZ and lacYmRNAs, both transcribed from
the lac operon, localize to the cytoplasm and to the membrane, respec-
tively, in accordance with their respective protein products. It is worth
mentioning that the polycistronic lac operon mRNA has been shown
to be cleaved post-transcriptionally between the lacY and lacZ genes
[68].
The bglFmRNA transcripts, which also encode a membrane-bound
protein – the permease that transports β-glucosides into E. coli cells
[63,69] –were detected at the cell membrane by imaging and biochem-
ical approaches, similar to lacY transcripts (Fig. 1B) [62]. The bglFmRNA
was shown to localize to the membrane also when its translation was
inhibited in various ways, implying that the information for membrane
localization is presentwithin the transcript itself (RNA zip-code) [62]. In
fact, the sequence encoding themembrane-spanning domain alone, and
even the sequence encoding the ﬁrst two transmembrane helices of thisFunction Reference
Hydrolyzes β-glucosides [62]
Transports β-glucosides into the cell [62]
Antiterminator of bgl operon [62]
Confers resistance to chloramphenicol [62]
Involved in competence and development [72]
Cell shape determination [119]
Regulation of cell division and differentiation [119]
A subunit of the ﬂagellar ﬁlament [97]
Chaperone [119]
Transports lactose and other galactosides into the cell [62]
Cleaves lactose into glucose and galactose [60,119]
Diffusion channel [119]
Required for virulence [89]
Fig. 2. Spatial organization of the components andmRNA transcripts of the PTS and Bgl sensory systems in E. coli. (A) Spatial organization of the Bgl and PTS proteins. Top: BglF is an integral
membrane sugar permease, which forms a complex with the BglG transcription factor in the absence of the sugar. BglG is present in a phosphorylated and inactive state. The general PTS
proteins, EI and HPr, are present at the cell poles. Middle: Upon the addition of sugar, BglG is dephosphorylated by BglF andmigrates to the cell poles, where the PTS proteins are present.
Also, HPr is phosphorylated by EI and is released to the cytoplasmandmembrane, where it phosphorylates BglF, enabling it to transport the sugar into the cell. Bottom: BglG is activated by
steric interactions with both EI and HPr and spreads throughout the cytoplasm. (B) Spatial organization of bgl transcripts. Top: The polycistronic bglGFBmRNA transcripts localize to the
membrane. Middle: The monocistronic bglGmRNA transcripts localize to the poles. Bottom: The monocistronic bglBmRNA transcripts are distributed in a helical pattern (not depicted)
in the cytoplasm. Together, the localization patterns illustrate the correlation between RNA localization and the requirement for complex formation, as well as the hierarchy in mRNA
localization, i.e., the sequence encoding the membrane protein (BglF) is dominant in determining the subcellular localization of the mRNA.
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mRNA. Moreover, the transcripts of other genes of the bgl operon, bglB
and bglG, were detected in the membrane when they were a part of
polycistronic transcripts that contain bglF, but demonstrated distinct
localization patterns when expressed as monocistrons (Fig. 2B) [62].
Hence, a hierarchy exists, according to which the membrane-encoding
sequence is dominant to the hydrophilic-encoding sequence in deter-
mining the localization of polycistronic transcripts [62].
Interestingly, although bglGmRNA that codes for a transcription fac-
tor, which regulates expression of the bgl operon, was detected at the
cell membrane when expressed together with bglF, when expressed
as a monocistron, the bglG transcripts were observed at the E. coli cell
poles (Fig. 1C) [62]. Remarkably, similar localization patterns were
observed for the BglG protein: in the absence of β-glucoside, BglG
assembles with the BglF permease near the membrane to form a
pre-complex that maintains BglG inactive [70]; in the presence of
the sugar, BglG associates with the general proteins of the sugar
phosphotransfer system (PTS) near the cell poles and is activated
by them (Fig. 2A) [71]. Therefore, the localization patterns of the bglG
transcripts correlate with the requirements for complex formation.
An intriguing result was obtainedwhen a gene encoding aDrosophila
melanogaster transmembrane protein was expressed in E. coli: thetranscripts of this protein localize to bacterial cell membrane, suggesting
that at least somemembrane-targeting signalsmayhave been conserved
across the eukaryotic–prokaryotic divide.
Yet another pattern of mRNA localization was reported by Gueiros-
Filho and co-workers, who studied post-transcriptional control of the
late competence operon comE by the ComNprotein in B. subtilis. The au-
thors used the MS2 system to show that ComN, together with DivIVA
promotes the localization of comEmRNA to the midcell septa and the
poles (Fig. 1D) [72]. Interestingly, the DivIVA protein, which is involved
in the differentiation of the B. subtilis cell poles, localizes ﬁrst tomidcell,
which is the future division site, and then to the poles, whereas the
ComN protein localizes to the division site and cell poles in a DivIVA-
dependent manner. The localization of the comEmRNA is impaired in
a comN mutant and a divIVA min mutant. The authors speculate that
localization of the comE mRNA favors the accumulation of ComEC,
which constitutes the DNA transport pore [73], at the poles, thus
supporting competence and development.
In eukaryotes, the localization of mRNA to the ER has been associated
with global protein synthesis [74]. It is also suggested to be involved in
the synthesis of proteins necessary for cell division and equal distribution
of biomolecules attached to the partitioning ER during cytokinesis [75].
Likewise, it is possible that mRNA localization to mid-septum and
1461S. Kannaiah, O. Amster-Choder / Biochimica et Biophysica Acta 1843 (2014) 1457–1465poles, preferably the pole derived from the parent cell that becomes the
old pole in the daughter cell, might be involved in the synthesis of cell
division proteins and equal distribution of proteins in bacteria during
cytoplasm partitioning into two daughter cells. Additional studies are
required to shed light on the role ofmRNA localization in localized trans-
lation in bacteria.
A mechanism by which active ribosomes and RNA transcripts that
encode integral membrane proteins, are targeted to the membrane in
an SRP-independent manner has recently been proposed by Bibi [76].
According to this model, the SRP receptor, FtsY might mediate localiza-
tion of the ribosomes to the membranes; transcripts encoding mem-
brane proteins localize to the membrane by an inherent property of
the transcripts and associate with the ribosomes, which already reside
at themembrane; the hydrophobic polypeptide that emerges as a result
of membrane protein synthesis is recognized by the SRP and then the
membrane protein assembles on the Sec translocon. Bibi suggests that
this model would explain the ﬁnding that SRP depletion affects the as-
sembly of membrane proteins, but not their targeting or expression.
This model assigns a direct role to the RNA transcripts in the insertion
of proteins to the inner membrane, albeit this hypothetic model still
needs to be conﬁrmed.
3.3. Localization of mRNA transcripts encoding secretory proteins
Bacteria can be broadly classiﬁed into Gram-positive and Gram-
negative bacterial species, the ﬁrst group has a thicker peptidoglycan
layer, but only a single membrane, whereas the second group has an
additional outer membrane, which makes the secretion process topo-
logically more complex [77,78]. To facilitate protein export across this
barrier, Gram-negative bacteria have evolved numerous pathways
for protein secretion, which can be categorized into nine major
groups: (i) type I secretion system (T1SS); (ii) type II secretion system
(T2SS); (iii) type III secretion system (T3SS); (iv) type IV secretion
system (T4SS); (v) type V secretion system (T5SS) (also called the
autotransporter [AT]); (vi) type VI secretion system (T6SS); (vii)
Twin-Arginine translocation system (TAT); (viii) YidC insertase and;
(ix) chaperone/usher (CU) secretion system [79]. Some of these path-
ways are Sec-dependent. i.e., they require the Sec translocase, which
consists of the SecYEG protein-conducting channel, the SecB chaperone
and the SecA motor protein, to cross the inner membrane. Secretory
proteins destined to reside in the periplasm or in the outer membrane
are predominantly targeted to the Sec translocase post-translationally,
by virtue of their signal sequence that is recognized by SecB or SecA,
whereas inner membrane proteins are targeted co-translationally as
ribosome-bound nascent chains in an SRP-dependent manner [80,81].
Other pathways – T1SS, T3SS, T5SS, T6SS, TAT and Yid C insertase –
are Sec-independent; the ﬁrst four systems translocate proteins directly
from the cytoplasm to the extracellular environment or to a host cell,
whereas the TAT system translocates folded proteins across the inner
membrane exclusively [82] and theYidC insertase integratesmembrane
proteins into the cytoplasmicmembrane and can also act in cooperation
with the Sec translocase [83]. Secreted proteins in Gram-positive bacte-
ria usually possess a signal sequence and are transported across the sin-
gle membrane mostly through the Sec pathway. The proteins are either
processed during their translocation or shortly thereafter and remain
anchored to the peptidoglycan cell wall via the sortase group of proteins
or are released to the extracellular milieu [84].
Is mRNA targeting also involved in localizing secretory proteins?
Examples for such an involvement in T3SS-mediated secretion are
brieﬂy discussed below. T3SS directly translocates pathogenicity effec-
tor proteins from the bacterial cell into the cytosol of the eukaryotic
host cell [85]. Although this system has been extensively studied, and
despite the availability of methods for predicting proteins that are
transported via T3SS [86], the exact nature of the T3SS signal sequence
remains elusive and controversial. Suggestions for the nature of the sig-
nal for secretion via the T3SS range from increased structural ﬂexibilityof the coiled-coil domains, which are typical to T3SS proteins [87], to
certain features of the mRNA sequence and of the amino acid sequence
of the T3SS proteins.
The proteins that seem to best represent secretion by T3SS are the
Yop proteins in pathogenic Yersinia species [88]. The expression of the
Yop proteins can be induced either by contact with eukaryotic cells or
by growing the bacteria in a calcium deﬁcient medium at an elevated
temperature. Once expressed, the Yop proteins are secreted into the
eukaryotic cell via the T3SS, leading to its death. No obvious amino
acid sequence that could direct the Yop proteins to the T3SS has been
identiﬁed. Anderson and Schneewind studied secretion of the virulent
protein YopQ in the Yersinia enterocolitica strain W22703 [89]. YopQ is
not detected in the cytoplasm, it lacks an apparent secretion signal,
and the 3′ UTR of its encoding mRNA is dispensable for secretion. The
authors identiﬁed anmRNA signal, contained within the ﬁrst 15 codons
of yopQ open reading frame, as responsible for YopQ secretion (Fig. 1E).
They then went further to show that YopQ polypeptide, synthesized
prior to mRNA targeting, could not be secreted, thus highlighting the
mRNA signal as the sole element responsible for YopQ secretion [89].
Besides YopQ, other Yop proteins, including YopE and YopN, were
suggested to use an RNA element for their secretion. Importantly,
frameshift mutations in this putative element sequence, which altered
the amino acid sequence encoded by it, had little effect on secretion,
whereas silent mutations at the wobble base positions, which altered
the RNA structure, dramatically affected secretion. In fact, such muta-
tions completely blocked secretion, thus indicating an important role
for the mRNA sequence in Yop protein secretion [89–93]. On the other
hand, YopQ in other serotypes of Y. enterocolitica, as well as the YopQ
homologue in Yersinia pseudotuberculosis (called YopK) accumulate
intracellularly [94,95], suggesting that the mRNA signal hypothesis
might not apply to all Yersinia species.
mRNA was also suggested to play an important role in secretion
by the ﬂagellar T3SS, a variant of T3SS that secretes structural and
regulatory components of the ﬂagellum, including the ﬂagellin protein
(FliC), which constitutes the ﬁlament of the bacterial ﬂagellum and is
one of the most abundant proteins in the cell [96]. The ﬂagellar T3SS
secretes both ﬂagellar and non-ﬂagellar proteins and it has been
shown to use an mRNA signal for this process. Hence, when the
173 bp untranslated region of ﬂiC was introduced upstream of various
genes, it efﬁciently directed secretion of their protein products into
the growth medium [97].
A similar approach was applied to examine the role of untranslated
regions of mRNAs that encode T3SS proteins, which are involved in
Salmonella virulence, in injection of proteins to macrophages. The
3′-UTR of forty two mRNAs encoding Salmonella T3SS effectors, each
25 bp in length, was fused to cya, encoding the adenylate cyclase
reporter protein. Secretion was evaluated by means of cyclic AMP
(cAMP) levels in the macrophage [98]. The 3′-UTR sequence of ﬁve ef-
fectors, gtgA, cigR, gogB, sseL, and steD, efﬁciently translocated adenylate
cyclase into macrophages. A minimal element of 7 bp was sufﬁcient for
the translocation. The secretion-promoting 3′-UTR sequences did not
possess any consensus motif or a particular secondary structure, but
the 3′-UTRs of three of the ﬁve effectors, gtgA, gogB, and sseL were
shown to act via the RNA chaperone Hfq, as mutations in hfq abolished
translocation of the respective fusion proteins. The Hfq was shown to
stabilize the RNA transcripts and the translation of full-length proteins,
suggesting that a complex between the RNA signal and Hfq participates
in the secretion process. Still, when the 3′-UTRs of gtgAwas fused to the
gene encoding enolase, the protein was not injected into the host cells,
suggesting that the identiﬁed sequence is not a generalmotif for protein
secretion, but is rather speciﬁc for certain proteins [98].
Communication via mRNAs that are secreted from eukaryotic cells
in membrane vesicles has been documented [99]. Bacteria produce
membrane vesicles during infections, and these vesicles are thought to
establish a communication with the host [100,101]. For example, the
E. coli pore-forming protein ClyA, which exerts cytotoxic effects on the
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cells via outer-membrane vesicles [102]. We thus hypothesize that, in
analogy to eukaryotes, the outer-membrane vesicles produced by bac-
teria may also serve as non-conventional means for secreting mRNA
transcripts into the extracellular milieu and/or delivering bacterial
mRNAs to host cells.3.4. RNA zip-codes
RNA zip-codes, which are cis-acting elements that play an essential
role in the subcellular localization of RNA transcripts, have been
identiﬁed and characterized in eukaryotic cells [17]. Most of these
RNA targeting signals are located in untranslated regions of the mRNA
transcripts, with some exceptions. In prokaryotes, the organization of
genes in polycistronic operons with relatively short untranslated re-
gions [103] suggests that bacterial RNA zip-codes might be located
within open reading frames. Indeed, cis-acting sequences within the
transmembrane-coding sequence of the BglF protein, were shown to
be necessary and sufﬁcient for targeting the bgl operon transcripts to
the membrane [62].
Prilusky and Bibi applied a bioinformatic approach to identify the
features that specify RNA localization elements within bacterial open
reading frames [104]. The identiﬁed feature revealed a strong bias
for uracil-rich codons in the mRNA of integral membrane proteins.
Hence, the codons for very hydrophobic amino acids that are highly
represented in regions encoding membrane-spanning domains contain
approximately 50% uracils. Signiﬁcantly, the U-richness trait is not con-
ﬁned to hydrophobic amino acid, since hydrophilic amino acids that are
overrepresented in integral membrane proteins, like serine and threo-
nine, are also encoded by U-rich codons. The uracil bias is conserved
also in mRNAs of eukaryotic membrane proteins, but to a lesser extent,
suggesting that this preference declined through evolution [104].
Studies aimed at deciphering and characterizing mRNA localization
elements have only begun in prokaryotes. Of note, this is a relatively
young researchﬁeld also in eukaryotes. The emerging view from studies
of eukaryotic mRNA localization elements is that they involve a combi-
nation of sequence and structure [105,106]. Although in a few cases
primary sequencemotifs for RNA localizationwere identiﬁed, in general,
localization signals seem to operate at the level of secondary and
tertiary structure of the transcripts [106]. As the number of mRNAs
displaying speciﬁc localization increases, the nature of the RNA zip-
codes is expected to unravel.Fig. 3. Spatial distribution of the translation andRNAdegradationmachineries in E. coli. (A) Top:
the cell poles andmembrane. Bottom: In a dividing cell, the ribosomes are present also at the se
degradation machinery of E. coli, called RNA degradosome, were detected at the cell membran3.5. Localization of membrane protein-encoding mRNAs by transertion
An additional mechanism that brings mRNA of integral membrane
proteins to the bacterial cell membrane is transertion. This mechanism
couples transcription/translation of membrane protein-encoding
genes to insertion of their protein products into the membrane. The
physical association of the chromosome with the membrane is thought
to be mediated by the emerging nascent mRNA transcript. Although a
direct proof that transertion operates in live cells is hard to obtain, indi-
rect proofs suggested that this phenomenon accounts for certain aspects
of cell physiology, mainly membrane heterogeneity and chromosome
segregation [107,108]. Recently, Goulian and co-workers provided
direct evidence for the repositioning of chromosomal genetic loci,
which express integral membrane proteins, to the vicinity of the mem-
brane upon the expression of these genes in E. coli cells [109]. The non-
homogenous distribution of phospholipids in the bacterial cytoplasmic
membrane [110] might act as a cue to trigger the mRNA and mRNA-
mediated chromosome relocation towards the membrane.
3.6. Localization of RNA fate-determining complexes: ribosomes and
RNA degradosome
The spatial distribution of ribosomes and RNA polymerase in bacte-
rial cells has been investigated by several groups. Errington and co-
workers have shown that RNA polymerase resides primarily within
the region of the nucleoid, whereas the ribosomes occupy the region
outside the nucleoid in B. subtilis cells (Fig. 3A) [111]. Zhuang and
co-workers used superresolution microscopy to study the distribution
of major nucleoid-associated proteins (NAPs) in E. coli cells [112]. Four
NAPs – HU, Fis, IHF, and StpA –were observed as scattered throughout
the nucleoid, whereas a ﬁfth one –HNS, a global transcription silencer –
formed few compact clusters per chromosome. On the other hand, the
ribosomes were enriched in the cell periphery, well secluded from the
nucleoid. This is in agreement with the results documented by
Weisshaar and co-workers, who have also observed a strong segrega-
tion of the nucleus and the associated RNA polymerase molecules
from the ribosomes in E. coli cells using superresolution microscopy
[113]. Taken together, these studies suggest that at least a fraction of
the RNA transcripts in B. subtilis and E. coli cells move away from the
nucleus to other subcellular domains for their translation (Fig. 3A).
A correlation between the localization of the RNA transcripts and of
the RNA degradation machinery is also expected to exist. RNase E, a
major component of the mRNA degradosome, was reported to followRibosomes are enriched near theperiphery of the cell distinct from chromosome, that is, at
ptal regions inmidcell, in addition to the poles andmembrane. (B) Components of the RNA
e (top) and in a helical pattern (bottom).
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[114–116]. Other components of the degradosome, RhlB, PNPase, and
enolase, which associate with RNase E to form the RNA decay complex,
are also organized in a similar fashion [116]. Similarly, RNase Y of
B. subtiliswas also found to bemembrane-associated [117,118]. The rel-
ative distribution patterns of the RNA transcripts and the degradation
machinery can either limit the interaction of certain mRNAs with the
degradosome or provide a mechanism to subject mRNAs to decay, to
guarantee proper levels of mRNAs in the cell and, thus, of proteins.
Of note, the ribosomes and RNase E in Caulobacter crescentus cells
were reported to have different localization patterns than those docu-
mented in E. coli and B. subtilis cells, as both machineries co-localize
with the C. crescentus nucleoid [119].
Bacterial small RNAs (sRNAs) regulate gene expression at post-
transcriptional levels, usually by affecting stability or translation of spe-
ciﬁc mRNAs via annealing of the sRNAs with these mRNA targets [120].
An example is provided by sgrS, an sRNA that inhibits translation of ptsG
mRNA and targets it to RNaseE for degradation [121,122]. Similarly,
there are sRNAs that positively regulate their mRNA targets by stabiliz-
ing them (e.g., the sRNA gadY upregulates the level of gadX mRNA,
[123]). sRNAs act in conjunction with Hfq, an RNA chaperone. Electron
microscopy studies have shown that Hfq concentrates in the vicinity
of the cytoplasmic membrane [124,125]. It is expected that the relative
spatial organization of the sRNAs, their mRNA targets, the Hfq protein
and the degradosome coordinates the fate of the mRNAs.
4. Concluding remarks
Due to the lack of well-deﬁned intracellular organelles in bacterial
cells, theywere considered inappropriatemodel organisms for studying
cellular architecture. The widely held view that prevailed for many
years has been that transcription and translation are coupled in bacteria,
that is, the nascent mRNA transcript that emerges from the RNA poly-
merase is captured directly by ribosomes for protein synthesis. This
view implies that the nucleoid, the RNA polymerase and the ribosomes
are all located in the same vicinity. The advancement in imaging tech-
nologies has helped to obtain a blueprint of bacterial cell organization,
which is different than expected, according to which only 10–15%
of the ribosomes lie within the nucleoid lobes [113]. These ﬁndings
challenge the transcription–translation coupling model, or at least the
extent to which it holds true. The view that is currently developing is
that bacterial cells have intricate cellular organization and functional
compartmentalization. Thus, the notion that, like in eukaryotes, each
step in bacterial gene expression is spatially regulated is becoming
increasingly accepted. Still, the option that translation begins during
transcription with 10–15% of the ribosome population and then the
mRNA moves outside or to the edge of the nucleoid cannot be ruled
out. Independent of the degree of coupling between transcription and
translation, the idea that RNA localization, either in combination with
or independent of translation, may be involved in localizing proteins
to different subcellular domains or in secreting them outside the cell,
is novel to the ﬁeld.
Not all studies of RNA localization carried out thus far support a
role for RNA targeting in protein localization. Jacobs-Wagner and co-
workers detected various mRNAs in C. crescentus cells, as well as one
mRNA in E. coli, close to their site of transcription on the chromosome,
with limited dispersion in the cytoplasm (Fig. 1F) [119]. Notably, the
mRNA monitored in E. coli, lacZ, has previously been shown to spread
uniformly in the cytoplasm by Broude and co-workers (see above;
[60]). This difference in the observed dispersion of the same mRNA
might be due to the use of different RNA imaging methodologies or to
the differences in the expression system. The RNA localization pattern
in C. crescentus cells signiﬁcantly coincides with the spatial organization
of the actively translating ribosomes and the RNase E in these cells [119],
which in E. coli cells localize mainly outside the nucleoid lobes and near
the membrane [113,114]. Notably, Campos and Jacobs-Wagner haverecently suggested that spatial organization of mRNA-related processes
is different in C. crescentus and in E. coli cells, correlating with the differ-
ent distribution of the ribosomes and of the mRNA decay machinery in
the two organisms [126].
The fact that bacterial mRNAs are present in low copy number
and have short half-life, not exceeding few minutes [127], challenges
our ability to study mRNA localization in these cells. However, using
new methodologies and reagents for cell imaging, mRNAs in bacterial
cells were recently shown to localize to distinct subcellular domains —
poles, membrane, cytoplasm, septum and chromosomal genetic loci
where their protein products are synthesized (Table 1). Indirect evidence,
such as the spatial distribution of the bacterial RNA degradosome, sug-
gests that beside localized translation, RNA localization might play a role
in processes like mRNA degradation.
How are mRNA transcripts targeted? What factors dictate their
localization? Is it an active or a passive process? Are cytoskeletal ele-
ments involved in this process, similar to their role in eukaryotic cells?
These are few basic questions that need to be answered by future stud-
ies. Nonetheless, it is evident that mRNA localization plays a major role
in keeping the major post-transcriptional processes, like transcription,
translation and RNA degradation, under spatial constraints and in
linking and coordinating the processes of transcription, translation,
and protein export.
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